[1] Campi Flegrei is an active, resurgent caldera that is located a few kilometres west of the city of Naples, a densely populated urban settlement in southern Italy. Identifying, locating at depth and better defining the geometry of the magma feeding system of the caldera is highly relevant for assessing and monitoring its volcanic hazard. Based on a high resolution seismic reflection data set, we investigated the deep structure of the volcano. Here we show that seismic wave amplitude variations with distance from the radiating source provide clear evidence for large amplitude seismic reflections from the top of an extended supercritical fluid-bearing rock formation at about 3,000 m and of an about 7,500 m deep, 1,000 m thick, low velocity layer, which is associated with a mid-crust, partial melting zone beneath the caldera. The modeling of magma properties based on measured seismic velocities indicates a relatively high melt percentage (in the range 80-90%). These new data suggest that a large magmatic sill is present well within the basement formations, which is possibly linked to the surface through a system of deep fractures bordering the caldera. The lateral extension and similar depth of the melt zone observed beneath the nearby Mt.Vesuvius support the hypothesis of a single continuous magma reservoir feeding both of these volcanoes.
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Introduction
[2] Campi Flegrei, Mount Vesuvius and Ischia are active volcanoes that are threatening the densely inhabited city of Naples and its surrounding neighbourhoods. These Neapolitan volcanoes are located inside the graben-like structure of the Campanian Plain, at the eastern margin of the Tyrrhenian Sea. Campi Flegrei is a partly submerged caldera, wherein a large part of the city of Naples is located. Its shape is believed to be a consequence of two huge areal collapses generated by large explosive eruptions that occurred 39 ky and about 15 ky ago [Deino et al., 2004; De Vivo et al., 2001] . Several intra-caldera eruptions have occurred over the last 10 ky, the most recent of which gave rise to a 130-m-high spatter cone (Mount Nuovo), in 1538. Since that time, the caldera floor has been continuously sinking, at an average speed of 1.3 cm per year [Dvorak and Mastrolorenzo, 1991; Berrino et al., 1984] . Two uplift episodes occurred in 1970 -1972 and 1982 -1984 , with about 3.5 m of cumulative uplift, which amply illustrates the unrest conditions of the caldera. Over the last two decades, about 30% of this uplift has been recovered by renewed sinking.
[3] The inflation episodes of 1970 -1972 have been accompanied by a moderate, low magnitude seismicity, while earthquake activity was very intense during the 1982-1984 unrest, with most of events concentrated at depths shallower than 3 km [Aster and Meyer, 1988] , in the on-shore area where the maximum uplift gradient has been measured [Berrino et al., 1984] .
[4] The structure of the caldera has been investigated previously via several 1-to-3-km-deep boreholes, using local earthquake seismic tomography, gravity and magnetic surveys and some teleseismic and wide-angle seismic observations [Rosi and Sbrana, 1987; Aster and Meyer, 1988; Ferrucci et al., 1992] . The boreholes have shown that the caldera is characterized by high temperatures at shallow depths (390°C measured at 3 km depth) [De Lorenzo et al., 2001] . The caldera appears to be filled by a layer of volcanic deposits, a few kilometres thick, which forms an inner basin that is characterized by a low P-velocity (Vp), high Vp/Vs, and high P-wave attenuation and low density. The possible occurrence of a magmatic reservoir at about 4-5 km depth has been hypothesized, mainly based on the extrapolation at depth of temperature data and teleseismic observations. However it should be noted that the seismicity distribution excludes the hypothesis of very shallow magma bodies occurring above 4 km depth.
[5] In September 2001, an extended marine, active seismic survey (SERAPIS) was carried out in the submerged part of the caldera (in the bays of Naples and Pozzuoli), with the aim of investigating its shallow structure and detecting the deeper magmatic system using seismic tomography and migration techniques [Zollo et al., 2003; Judenherc and Zollo, 2004] (Figure 1 ). The inferred, high resolution, 3-D tomographic images of the Campi Flegrei caldera revealed the presence of a ring-like, high P-velocity and high density body at 800-2,000 m in depth, with a diameter of about 8,000 -12,000 m and a thickness of 1,000-2,000 m, which has been interpreted as the buried rim of the caldera [Zollo et al., 2003] . The eastern side of the caldera rim appears to be bordered by a regional SW-NE normal fault that affects the carbonate basement underlying the volcano structure down to an approximate depth of 4,000-5,000 m, with a scarp height of 1,000 -2,000 m [Judenherc and Zollo, 2004] . This suggest that the eruptive activity of the Campi Flegrei caldera is fed by regional fractures that are directly linked to a deep magma reservoir.
Data Acquisition and Analysis
[6] The results shown in the present study are based on the active seismic reflection data from this SERAPIS experiment. To apply reflection processing techniques to vertical and horizontal component seismograms, the traces from 75,000, three-component records acquired by 30 seabottom receivers were initially arranged in three-dimensional (3-D) common mid-point (CMP) gathers (500 Â 500 m cells), following the approach used by Henrys et al. [2004] . In the central part of Pozzuoli Bay, each gather analyzed was formed by more than 120 recordings. The processing included 5-15 Hz band-pass filtering for the amplitude analyses and additional trace normalization for phase identification.
[7] A P-to-P and P-to-S move-out analysis was applied using an average 1-D velocity model for the Campi Flegrei bay area that was obtained from the 3-D tomographic model [Zollo et al., 2003] . The identification of reflection events was primarily based on lateral waveform coherency, moveout alignments and stack amplitudes of both the vertical and horizontal component sections. In addition, waveform polarization was used for P-to-S converted phases.
[8] Three major reflection events were identified at P-to-P travel times (TWTs) of about 0.6 s, 2.0 s and 3.6 s, corresponding to reflectors at 600 m, 2,700 m and 7,500 m in depth, respectively (Figures 2a and S1 ).
1 Kinematic ray tracing provided a preliminary 1-D layered velocity model that fitted the observed travel-times and served as a reference model for the amplitude analysis. We generalized the standard amplitude versus offset (AVO) technique to estimate the elastic contrasts from the PS-to-PP amplitude ratios seen in a wide range of source-receiver offsets. A constant P-velocity (Vp), a P-to-S velocity ratio (Vp/Vs), and a density r was assigned to each layer, with the contrasts of the three parameters characterizing a given reflector.
Modelling of Seismic Wave Amplitudes Versus Offset
[9] The amplitudes of the reflected/converted waves at the same interface were extracted from the seismograms at several source-to-receiver offsets, covering a distance range that was large enough for a significant PS-to-PP amplitude ratio variation with offset. The velocity structure above the reflecting interface was constrained by the travel times, and the theoretical PS-to-PP amplitude ratios were computed using dynamic ray modeling, including the correction for geometrical divergence. Finally, the unconstrained model parameters were varied to minimize the RMS misfit between the observed and the theoretical ratios. The best-fit model was found by a grid search through the parameter space, combined with a local downhill simplex optimization (see Figure S2 ).
[10] Figures 2b and 2c show the mean (±standard deviation) P-to-S amplitude ratios measured at the seismic interfaces located at about 2,700 m and 7,500 m in depth, respectively. The shallower interface shows amplitude ratios that reach a maximum at 2,500 m offset, and towards greater offsets there is a decrease followed by a rapid increase. Based on comparisons with theoretical curves, this behavior suggests a well-constrained positive Vp contrast (from 3,500 to 4,700 m/s), and the minimum at about 3,300 m offset is related to the critical incidence of the . The distance between shots along each profile was about 125 m, and the distance between two adjacent profiles was 250 m. The gray-shaded area marks the region of CMPs analyzed. Example of (b) vertical-and (c) horizontal-component seismograms at CMP 743, sorted by increasing source-receiver offset, bandpass-filtered (5 -15 Hz), and trace-normalized. The shaded regions mark PP and PS reflections from the reflector at 7.5 km depth, and the secondary PP arrival around 4.5 s (Figure 1b) indicates a reflection from the bottom of the low-velocity layer.
P-to-S rays at the interface. The best fit between measured (dots) and modeled (line) P-to-S ratios was obtained for a Vp increase and a Vp/Vs decrease from 1.70 to 1.58.
[11] The sharp increases in both Vp and Vs seen at the seismic discontinuity at 2,700 m in depth beneath Campi Flegrei indicate the presence of a marked lithology transition that is characterized by P-and S-velocity increments of about 35% and 45%, respectively, as compared to the rock velocities in the layer above (Figures 3b and 3c ). This abrupt change can be related to the occurrence of thermometamorphic rock formations, such as those in the Mofete and San Vito wells at about 2.5 km in depth along the coastal Pozzuoli Bay area [Rosi and Sbrana, 1987] . The decrease in the Vp/Vs ratio marks the presence of a densely fractured, gas-and/or brine-bearing rock layer, due to crack opening induced by increasing pore pressure [Dvorkin et al., 1999] .
[12] The presence of a gas-bearing formation underneath the Campi Flegrei caldera has been previously hypothesized from tomographic velocity analyses, at an approximate depth in the range of 2,000 -4,000 m [Vanorio et al., 2005] . A fluid substitution analysis from initial gas to brine saturation was applied to determine the elastic parameters of the rock from cores extracted from the Mofete and San Vito wells, but this provides variations in Vp/Vs produced by fluid changes that are smaller than the uncertainty of the data. Fluid properties are calculated for temperatures of 35°C and 400°C at a pressure of 35 MPa, with the mineral bulk modulus set to K0 = 50 GPa. We used the observed Vp = 4.7 km/s, Vp/Vs = 1.58, and assumed a brine with salinity S = 0.05 and gas gravity G = 1.5 (CO2).
[13] However the temperature of about 400°C measured at 3000 m by the deepest borehole is close to the critical point of such a brine, thus suggesting the probable rock saturation with a fluid at near-or super-critical conditions.
[14] For the deeper seismic discontinuity at about 7,500 m in depth, the mean P-to-S amplitude ratios increase monotonically with offset, as expected for a reflection at a moderate to strong negative P-velocity contrast across the interface. The theoretical modeling of amplitude ratios of the P-reflection amplitudes from the two interfaces constrain Vp in the layer below the 7,500-m discontinuity to values around 2,800 m/s (Figure 2c ), i.e., a strong negative Vp contrast with an estimated Vp/Vs increase from 1.65 to 2.35, or to higher values (Figures 3a and 3b) . These values indicate that the 7,500-m interface is the top of a low velocity layer, whose seismic velocities are consistent with values expected for a magma body set in a densely fractured volume of rock [Murase and McBirney, 1973; Rivers and Carmichael, 1987; Kress et al., 1988] . Similar values of Pand S-velocities for mid-crustal melts were estimated seismically at the Katla and Grímsvötn volcanoes in Iceland [Gudmundsson et al., 1994; Alfaro et al., 2007] and at the East Pacific Rise [Taylor and Singh, 2002; Singh et al., 1998 ].
[15] The melt fraction in the layer below the 7,500-m reflector at the Campi Flegrei caldera can be estimated from the measured seismic velocities by computing the HashinShtrikman bounds generalized for a two-phase medium [Mavko et al., 1998 ], which gives the narrowest possible range of the elastic moduli without specifying the geometries of the constituents (see Figure S3) . We used Vp = 5,500 m/s and Vs = 3,175 m/s for the solid phase, and Vp = 2,400 m/s and Vs = 0 m/s for the pure melt, while the density was held constant at r = 2,600 kg/m 3 . The results Figure 2 . Travel time curves. (a) P-to-P and P-to-S travel time picks (dots) for three major reflectors overlaid with the theoretical times (gray lines) from a 1-D average model. Average of the amplitude ratio variations seen with the offset for reflectors at (b) 2,700 m and (c) 7,500 m. The figure shows the observed amplitude ratio (green dots), as compared with a set of theoretical curves computed for the Vp and Vp/Vs velocity contrast models. Given the best-fit model parameters at each interface, the blue and red curves indicate 10% positive and negative model variation with respect to Vp. Error bars for the estimated amplitude ratios are also shown. Density contrasts at both interfaces have not been included in the analysis, as this parameter has a minor effect on amplitude ratio variation with offset.
indicate the presence of 65%À75% melt directly beneath the reflector. However it has been proposed that magmas at depth could glassify in cooler regions generating significant Vs and changing Vp to an unrelaxed value Webb, 1989, 1990] . The Hashin-Strikman bounds have been recalculated with nonzero Vs for the melt, which generally leads to a higher percentage of partial melt in the Campi Flegrei melt zone. For instance, using Vp = 2,400 -2,600 m/ s and Vs = 800-1,000 m/s for the melt, our model suggests the presence of around 80%À90% partial melt (up to 100% possible).
[16] After normal move-out correction, the majority of the analyzed CMP gathers show evidence for an energetic arrival 0.7 s to 1.2 s after the P-to-P reflected wave generated at the 7,500-m discontinuity. According to theoretical travel-time and waveform computations, this secondary arrival can be interpreted as a reflected P-wave at the bottom of the low-velocity layer, the thickness of which can be estimated as being in the range of 1,200 -1,500 m.
Discussion and Conclusions
[17] Recent geochemical investigations of phenocrysthosted melt inclusions from Campi Flegrei shoshonites that erupted about 10 ky ago provide two ranges of high and low pressure trapping depths, at 5,000 -9,000 m and 1,500 -2,000 m, respectively [Mangiacapra et al., 2007] . Moreover, an approximate depth of 9,000 m was inferred for the crystallization of the shoshonite phenocryst assemblage.
[18] The latter is consistent with the depth of the magma layer detected by seismic reflection amplitudes (Figure 3) . The modeling of magma properties based on measured seismic velocities indicates the occurrence of a partial melting zone, with a relatively high melt percentage (in the range 65 -90%), although this value critically depends on the assumed value of shear modulus for the melt. James et al. [2004] measured the shear moduli of lavas from different volcanoes and in particular, for Mt. Vesuvius they found shear moduli up to about 2.5-3.0 GPa for temperatures larger than 1,100°C, which corresponds to Vs of about 1,000 m/s. Assuming a similar elastic behaviour for magmas beneath Campi Flegrei and Vesuvius would therefore constrain the melt percentage to 80-90%.
[19] The occurrence of magma batches at shallow depths beneath the Campi Flegrei caldera is not supported by seismic tomography and reflection amplitude analysis, although the spatial resolution of seismic waves might not be adequate for the detection of kilometer-scale, or smaller size, magma bodies.
[20] The horizontal extension of the melt layer beneath Campi Flegrei can be estimated to be not less than 30 km 2 and having an approximate thickness of 1 km.
[21] A similar flat, low velocity layer was inferred underneath the nearby Mount Vesuvius volcano [Auger et al., 2001] . The analogy of geometry, depth and thickness indicate the possibility that a single continuous magma reservoir feeds both of these volcanoes. This is in apparent contrast with the significant compositional differences between the magma that have erupted at Campi Flegrei and Mount Vesuvius, which appear to be at least partly produced by an intra-crustal differentiation processes. However, different and independent magma batches can occur in a magma sill if lateral temperature variations exist. Temperature decreases in the magma of 200 -300°C will produce viscosity barriers around the hotter zones that are not revealed by seismic methods. [22] It has been shown that if the magma sill is fed from the mantle and the velocity of the magma ascent in the sill-feeding conduits is more than twice the velocity of the horizontal displacement in the sill, colder zones will develop, separating different hot magma bodies [De Lorenzo et al., 2006] . If Campi Flegrei and Mount Vesuvius are located above two different sill-feeding conduits, hotter and independent magma batches can settle and differentiate separately within the low velocity layer as long as the deep-feeding process continues.
[23] Several evidences exist for wide mid-crustal magma sills beneath different volcanic regions worldwide [Auger et al., 2001 , and references therein], supporting the hypothesis for a similar feature extending beneath Mt.Vesuvius and Campi Flegrei volcanoes. Balch et al. [1997] reports the areal extent of the Socorro magma body as about 3400 km 2 as inferred from body wave reflections on microearthquake records. Chang et al. [2007] found an inflating magma sill of $1,200 km 2 at 6 -14 km depth underneath Yellowstone caldera modeling GPS and InSar data. Using local and teleseismic receiver functions Zandt et al. [2003] identified the Altiplano-Puna magma sill, about 60,000 km 2 wide and 1 km thick, at about 20 km depth, characterized by a low Svelocity layer (Vs 1 km/s). The widespread occurrence of nearly flat magma sills at mid-crustal depths can be originated by neutral buoyancy conditions for magmas uprising from the mantle [Christensen, 1982] . The formation of a wide and thin sill can be therefore favoured by the slow accumulation of magma rising from the mantle to the midcrustal reservoir, under neutral buoyancy conditions and in the presence of an extensional tectonic regime similar to that active in the Neapolitan area for the past 2 million years at least.
[24] The existence at Campi Flegrei caldera of a shallow, extended and fractured rock layer saturated with supercritical fluids, above a mid-crustal melt zone (as sketched in Figure 3c ), is also consistent with similar observations at other unrest calderas, such as Yellowstone and Long Valley [Husen et al., 2004; Chang et al., 2007; Sorey et al., 1998 ]. In these cases an extensive gas/brine layer overlying magma bodies has also been widely interpreted. We remark that it can have a significant role in the eruption mechanism style, increasing its explosiveness; this could be the cause of the prominent inflation/deflation pattern that is characteristic of the Campi Flegrei volcano.
